Nuclear-coded valyl-tRNA synthetase (ValRS) of eukaryotes is regarded of mitochondrial origin. Complete ValRS sequences obtained by us from two amitochondriate protists, the diplomonad, Giardia lamblia and the parabasalid, Trichomonas vaginalis were of the eukaryotic type, strongly suggesting an identical history of ValRS in all eukaryotes studied so far. The findings indicate that diplomonads are secondarily amitochondriate and give further evidence for such conclusion reached recently concerning parabasalids. Together with similar findings on other amitochondriate groups (microsporidia and entamoebids), this work provides critical support for the emerging notion that no representatives of the premitochondrial stage of eukaryotic phylogenesis exist among the species living today.
According to the generally accepted serial endosymbiotic theory, the complex eukaryotic cell is the result of the merger of an eubacterium, probably an ␣-proteobacterium, into a poorly understood ''host,'' assumed to be related to the archaebacteria. According to this theory the eubacterium became the mitochondrion and the ''host'' provided the nucleocytoplasmic compartment of the eukaryotic cell (1) (2) (3) . This integration was accomplished by endosymbiotic transfer of a considerable portion of the genes of the eubacterium to the genome of the ''host'' (1, 3, 4) . However, certain unicellular organisms belonging to diverse taxonomic groups, while they display a number of characteristics of typical eukaryotic cells, lack mitochondria, as demonstrated by biochemical and morphological findings (5) (6) (7) . Whenever studied, no evidence of a second, organellar genome was found in such organisms (8, 9) .
Amitochondrial eukaryotes can be assigned to at least two major categories, based on the subcellular organization of their metabolism (5, 6, 10, 11) . Both groups comprise of several independent taxa. Type I organisms lack any compartmentation of their core (energy) metabolism. Diplomonads (including Giardia lamblia) and entamoebids belong to this type. Although the core metabolism of microsporidia remains unknown, their morphology was taken as evidence suggesting that they also are of type I (7, 11) . Type II organisms, such as parabasalids (including Trichomonas vaginalis), certain heterolobosea, some ciliates and chytrid fungi, contain a distinct, double-membrane bounded organelle, the hydrogenosome (12, 13) . Although hydrogenosomal metabolism markedly differs from that of mitochondria, the two organelles share a number of functional properties (12, 13) .
The existence of amitochondriate organisms challenged the notion that the mitochondrion is a sine qua non attribute of eukaryotic cells (7, 14) . It also raised the question of the evolutionary origins of the amitochondriate condition. Before any molecular phylogenetic data became available, cytological considerations led to the proposal by Cavalier-Smith that diplomonads, parabasalids, and microsporidia could be primitively amitochondriate (15, 16) , and to the erection of the taxon Archezoa for these organisms. These three amitochondriate lineages represented the first branches on phylogenetic trees based on rRNA (17, 18) and some protein sequences (19) . This observation was regarded as compelling evidence for an early separation of these groups from the main eukaryotic lineage, preceding the acquisition of mitochondria (20) . Other amitochondriate organisms, notably the type II ciliates and chytrid fungi, however, belong to lineages that consist dominantly of mitochondriate species, strongly suggesting their secondary amitochondriate nature (21) . One of the goals of current research on such organisms is to obtain information, which could settle the question whether the amitochondriate condition, at least in some organisms, represents an ancestral, ''premitochondrial'' feature or that all these organisms descended from ancestors that once harbored mitochondria and lost secondarily the characteristic bioenergetic functions of the mitochondrion and also the organelle itself. A widely exploited approach is the search in amitochondriate species for genes that could have been part of the genome of the ancestral mitochondrion but were subsequently transferred to the nuclear genome.
Such genes have been recently detected in several amitochondriate organisms (discussed in refs. [22] [23] [24] [25] . The most compelling data concern heat shock proteins, molecular chaperones, known to play a key role in mitochondrial biogenesis. Genes for such proteins are present in the nuclear genomes of amitochondriate organisms belonging to microsporidia (26, 27) , parabasalids (28) (29) (30) (31) , and entamoebids (32) . These results argued strongly against an ancestral amitochondriate nature of these three groups. Of the better studied ''early-branching'' organisms only G. lamblia and other diplomonads remained as possible candidates for being primitively amitochondrial, seemingly in accord with widespread views that these organisms represent one of the most ancestral eukaryotic group (17, 20, 33) .
Aminoacyl-tRNA synthetases are essential enzymes for protein synthesis, and are useful for tracing the early evolution of life (34) . To explore the status of G. lamblia, we selected valyl-tRNA synthetase (ValRS) as a potential marker for a mitochondrial endosymbiotic event in the past. Only a single gene for ValRS is present in fungi, and the product of this gene has been shown to be functional not only in cytosol but also in mitochondria (35, 36) . A single ValRS gene has been detected also in Homo sapiens with its product similarly assumed to have cytosolic and mitochondrial functions (37) . A ValRS phylogeny rooted by isoleucyl-tRNA synthetases (IleRS) revealed that eukaryotic ValRS sequences form a monophyletic clade that shows the closest affinity with Gram-negative bacteria (38) . On the basis of these findings Brown and Doolittle (38) concluded that the gene coding for this protein in mitochondrion-containing eukaryotes has been transferred to the nucleus from the ancestral mitochondrion (38, 39) . Thus the presence or absence of typical eukaryotic ValRS in amitochondriate protists could provide an important clue to determine whether any given organism did harbor mitochondria in its evolutionary past.
We sequenced the complete gene encoding ValRS from G. lamblia and also from T. vaginalis and aligned the deduced amino acid sequences with all ValRS and IleRS sequences available in the databases.The evidence obtained shows that G. lamblia represents no exception and also carries the relics of a past mitochondrial endosymbiotic event. This conclusion is in accord with earlier data pointing in the same direction (40) (41) (42) . The very recent demonstration that this species contains and expresses a chaperonin 60 gene closely related to the mitochondrial clade is in good agreement with our results (43) . Our data also confirm earlier conclusions based on a partial ValRS sequence from T. vaginalis (38) and provide additional evidence for the postmitochondrial nature of this species.
MATERIALS AND METHODS
Preparation of Genomic DNA and Genomic Gene Libraries. G. lamblia, strain WB, clone 6 (ATCC 300957) and T. vaginalis, strain C-1:NIH (ATCC 30001) were used. Genomic DNA was extracted from G. lamblia with the use of a Blood & Culture DNA kit (Qiagen, Chatsworth, CA) according to the manufacturer's protocol and from T. vaginalis according to a protocol for nuclease-rich protozoa (44) . A ZAPII library of G. lamblia was kindly provided by F. D. Gillin and S. A. Aley (University of California, San Diego). A ZAPII and a ZAP Express libraries of T. vaginalis were kindly provided by P. J. Johnson (University of California, Los Angeles, Medical School) and J. M. Logsdon (Dalhousie University, Halifax, NS, Canada), respectively. These libraries were prepared from the same strains used to prepare genomic DNA.
Cloning and Sequencing of ValRS Genes. Two sets of degenerate primers were synthesized based on highly conserved regions of the ValRS sequences: PPPNVTG (sense) and CGTDALRF (anti-sense); and CISRQLWWG (sense) and FCNK(L͞I)W(N͞Q)A (anti-sense). Corresponding fragments were amplified by PCR with the two sets of primers and genomic DNA of G. lamblia or T. vaginalis. The fragments were purified by using a Gel Extraction kit (Qiagen) and cloned into pT7 vector (Novagen). The excised inserts were labeled with the use of a Random Primers DNA Labeling System (GIBCO͞BRL) and were used to probe genomic DNA libraries and Southern blots. The sequences of the isolated clones were determined for both strands with the use of an automated DNA sequencer (Applied Biosystems model 377, Perkin-Elmer͞Cetus) by primer walking.
Sequence Alignment. For a preliminary sequence alignment of the ValRS͞IleRS proteins, we used the SAM program that applies a linear hidden Markov model to facilitate recognition of conserved subdomains within a protein family (45 (47) . The JonesTaylor-Thornton (JTT) model was assumed for amino acid substitutions (48) . The actual amino acid frequencies ("F" option) of the protein under analysis were used as equilibrium frequencies (JTT-F model). Because the number of operational taxonomic units to be analyzed was very large, we first constructed a neighbor-joining tree (49) using a distance matrix estimated by the ML method. The neighbor-joining tree thus obtained was further analyzed by the local rearrangement method of the ML analysis. The quartet puzzling (QP) method in the PUZZLE3.1 program (50) was also used to infer a tree topology, in which multifurcations are used for ambiguous branchings. The JTT-F ϩ ␥ model of amino acid substitutions (48, 50) was assumed in the analysis. Rate heterogeneity among sites was approximated by the discrete gamma distribution (with four categories), and the ML estimate of its shape parameter (␣) was calculated by using the PUZZLE program. On the basis of the alignment constructed, we selected 555 and 320 positions, respectively, for independently analyzing the ValRS and IleRS data sets, and 270 positions for the ValRS͞ IleRS composite data set. Preliminary evaluation with the PUZZLE program demonstrated that amino acid composition of the ValRS from Th. thermophilus, M. genitalium, and M. pneumoniae are highly and significantly different from the frequency distribution of the ValRS data set (P Ͻ 0.001, 2 test), and that IleRS sequences from M. genitalium and M. pneumoniae also show significantly different amino acid compositions (P Ͻ 0.01, 2 test). Because the inclusion of these extremely biased data was very likely to violate the result of phylogenetic placings especially among eubacteria, we excluded these five sequences from subsequent analysis. (51) . A major sequence signature differentiated the eukaryotic and ␥-proteobacterial ValRS sequences from all others. In the region downstream of the KMSKS motif ValRS sequences from eukaryotes (cytosolic͞mitochondrial) and ␥-proteobacteria contained a 37-residue insertion (Fig. 1) . The insertion in these shows a 22-73% amino acid identity and is clearly homologous. No similarly long insertion has been seen in any IleRS sequence, although the S. cerevisiae mitochondrial sequence has an eight residue insertion in the same place.
RESULTS

Cloning and Sequencing of ValRS
Phylogenetic Relationships Among All the ValRS͞IleRS Sequences. We first inferred a composite tree of ValRS͞IleRS by the ML method of protein phylogeny using PROTML program. The final tree (ProtML tree) generated by the local rearrangement method of the ML analysis (Fig. 2) placed the gene families for ValRS and IleRS into separate and statistically supported monophyletic clades. Each of the two clades could be used for mutually rooting the other one, placing the root of the tree between the ValRS and IleRS branches (38) .
The ML estimate of the gamma shape parameter (␣) for the ValRS͞IleRS data set was 1.14, suggesting a weak rate heterogeniety in this data set. The QP topology obtained by the PUZZLE program did not resolve clearly the relationships among groups within the eubacterial and eukaryotic domains in either the ValRS or the IleRS portions (data not shown).
In the IleRS portion of the tree, the archaebacterial sequences clearly clustered with the subtree that contains all of the eukaryotic and four of the peculiar eubacterial ones with most of the eubacterial sequences constituting the outgroup. Within the subtree the common ancestor of C. trachomatis and Bo. burgdorferi IleRS appeared as a sister group of eukaryotic IleRS with a high local bootstrap support, while the other two eubacterial sequences (My. tuberculosis IleRS and St. aureus plasmid-coded IleRS) also branched deeply from the line leading to eukaryotes, and were rather divergent from most eubacterial and mitochondrial sequences. The existence of eukaryotic type IleRS genes in some eubacteria suggests the possibility of lateral gene transfer events from eukaryotes to eubacteria (52) .
Rather than being the deepest emerging eubacterial branch as in rRNA trees (53, 54) , IleRS of the hyperthermophile, Aq. pyrophilus, appeared to be specifically allied with the proteobacterial sequences. IleRS of another hyperthermophile, Th. maritima, represented the outgroup to all eubacterial sequences, being consistent with the rRNA phylogeny, but this placement was not highly supported by the local bootstrap value. Inclusion of the Mycoplasma IleRS data, which showed significant biases of amino acid composition (see Materials and Methods), placed Mycoplasma as a sister group to the common ancestor of Gram-positive bacteria, and slightly changed the branchings among proteobacteria, but the positions of the two hyperthermophiles were robust (data not shown).
In contrast to the relationships of the IleRS sequences, ValRS of archaebactera formed a monophyletic clade and its common ancestor deeply branched among all the other ValRS sequences, followed by the branching of the eubacterial se- (1998) quences. The tree topology demonstrated with a high local bootstrap value that all eukaryotic ValRS share a most recent common ancestor, and that this monophyletic group is located within the eubacterial ValRS clade. Relationships among the groups in the eubacterial ValRS were poorly resolved, but the ␥-proteobacteria and the cyanobacterium Synechocystis sp. appeared to show the closest affinity to the eukaryotic homologs. This phylogenetic position coupled with the mitochondrial function of the fungal homologs (35, 36) suggests that this gene most likely entered eukaryotes with the proteobacterial endosymbiont that gave rise to mitochondria. The robust placement of ValRS of the two amitochondriate protists studied, G. lamblia and T. vaginalis, within the eukaryotic clade indicates that these genes shared their past history with ValRS genes of other eukaryotes, a conclusion in good agreement with the shared insertion mentioned above. The data are in agreement with conclusions based on a partial ValRS sequence from T. vaginalis (38) .
Phylogenetic Relationships Within the ValRS Portion. Relationships among the ValRS genes were further analyzed after the exclusion of the IleRS sequences. The ProtML tree based on a much larger number of common positions (Fig. 3A) changed the placements of Synechocystis sp., Bo. burgdorferi, He. pylori, and C. trachomatis, compared with the previous composite tree. In contrast to the composite tree in Fig. 2 , only ␥-proteobacteria represented the closest relative of eukaryotes excluding Synechocystis sp., further suggesting the proteobacterial origin of eukaryotic ValRS, but with low local bootstrap support. The placement of He. pylori (-proteobacteria) as a sister group of C. trachomatis (Chlamidiales) was quite anomalous, although it was poorly supported by the local bootstrap value.
The gamma shape parameter (␣) for the ValRS data set was 0.66, suggesting that rate variation among sites is extreme. On the basis of the QP topology obtained branch lengths were estimated by the ML method and the tree was shown in Fig. 3B . The relationship among eukaryotes was the same as that in the ProtML tree shown in Fig. 3A , but the placements of Synechocystis and Borrelia were slightly changed. The QP topology indicates that the relationships are still uncertain among groups within eubacteria. (55) (56) (57) (58) . It is possible that the fungal genes are paralogs deriving from gene duplication, probably after the emergence of the eukaryotes (Fig. 3, @) . By fixing the relationship among eubacteria and archaebacteria shown in Fig. 3B and by using this relationship as an outgroup, branching order among five eukaryotic lineages (G. lamblia, T. vaginalis, A. thaliana, fungi, and animals) was further examined by the ML method, using an exhaustive tree search for possible 105 topologies. The same tree was obtained as the ML tree, but 25 alternative trees could not be excluded by the criterion of 2SE of log-likelihood difference. In most of these trees fungi represent the deepest branching among eukaryotes, and the total of bootstrap probabilities by the resampling estimated log-likelihood method (59) for the trees in which fungi are the outgroup to other eukaryotes amounts to 76%. However, we cannot exclude the possibility for the accepted phylogeny that fungi are the closest relative of animals, because the sum of bootstrap probabilities for these trees was 23%.
DISCUSSION
Sequence comparisons and phylogenetic reconstructions of ValRSs revealed that this enzyme in two amitochondriate protists, G. lamblia and T. vaginalis belongs to a clade that encompasses all ValRSs of eukaryotic cells. The closest outgroup of this clade consists of ␥-proteobacteria (38) . This is in contrast to several other aminoacyl-tRNA synthetases of the eukaryotic nucleocytoplasmic compartment, which show a closer relationship to their archaebacterial homologs than to their eubacterial ones (39, 51) . The ValRS tree is regarded as evidence for an endosymbiotic, mitochondrial origin of this enzyme in all eukaryotes (38) . The robust placement of ValRS of the two amitochondriate species studied by us among their eukaryotic homologs and the signature insertion shared by these genes reveals a shared history of ValRS in all eukaryotes, to wit that both G. lamblia and T.vaginalis experienced a mitochondrial endosymbiotic event in their past. This finding supports the notion that G. lamblia, thus the diplomonads will have to be removed from the ever dwindling group of putatively ancestral amitochondrial lineages, as also shown by recent data on chaperonin 60 (43) . The case of T. vaginalis already has been taken as convincingly adjucated in favor of its secondary amitochondriate status (28) (29) (30) (31) with the present data further supporting this judgment. However, we only have an evidence that the ␥-proteobacterial ValRS is the closest relative of eukaryotic counterparts, thus we cannot entirely exclude a possibility of lateral transfer from a ␥-proteobacterium rather than transfer from mitochondria as the source of this gene. A solving of the relationships between ␣-proteobacteria and eukaryotes in the ValRS phylogeny will be necessary to support or dispose the mitochondrial origin of eukaryotic ValRS.
The subsequent fate of nuclear genes acquired from a mitochondrial endosymbiosis and their products will depend on the nature of the gene and also on the organizational type of the amitochondriate lineage in question. In the case of chaperones involved in organellar biogenesis there is a marked difference between type I and type II amitochondriates, because in the former, e.g., G. lamblia, no major organelle can be recognized as the remnant of the ancestral endosymbiont, while in type II organisms, e.g., T. vaginalis, the hydrogenosome is regarded as a direct descendant of the endosymbiont (22, 24) . This means that chaperones could retain their original function in organisms containing hydrogenosomes, and indeed they are localized in the organelle (28, 60) . In contrast, in type I organisms no such organellar targets have been recognized yet and the role of the chaperones remains unknown (32, 43) . The case of the tRNA synthetases is clearly different because in both groups of amitochondriate protists they have an exclusively cytosolic function. Other cytosolic enzymes in G. lamblia, triosephosphate isomerase (41) and glyceraldehyde-3-phosphate dehydrogenase (42) , have been assumed to have an endosymbiotic, mitochondrial origin. These inferences are further supported by the present ValRS results. The proteobacterial endosymbiont may have contributed more genes functioning in the cytosol of extant eukaryotes than previously thought.
The possible endosymbiotic origin of ValRS in T. vaginalis has been inferred from a partial sequence (38) , a suggestion supported by this study. The enzyme in this species is also clearly cytoplasmic, because there is no need for ValRS in hydrogenosome. It demonstrates that evidence for the ances- (1998) tral endosymbiotic event can be detected among both hydrogenosomal and cytoplasmic components. The results presented here strongly support the notion that the critical endosymbiotic event occurred before the divergence of the extant lineages of eukaryotes and make it unlikely that we will discover living descendants of a putative premitochondrial state in eukaryotic evolution. The aminoacyltRNA synthetase databases are still too meager to make a contribution to our understanding of the interrelationships of various protist lineages. The fact that some amitochondriate groups emerge deep in phylogenetic trees based on rRNA (18, 33) and on some proteins (19) was discussed as strong evidence for the premitochondrial nature of these lineages. With this inference dramatically weakened, the emerging view is of a eukaryotic world encompassing a number of diverging lineages, the emergence of which cannot be ordered on the basis of increasing cellular complexity. The indications are that all extant lineages separated after eukaryotic evolution attained a relatively advanced stage and that the reconstruction of early eukaryotic evolution will be a daunting task.
